Members of the genus Rhodococcus are specialists in the biosynthesis and accumulation of triacylglycerols (TAGs). As no transport protein related to TAG metabolism has yet been characterized in these bacteria, we used the available genomic information of Rhodococcus jostii RHA1 to perform a broad survey of genes coding for putative lipid transporter proteins in this oleaginous micro-organism. Among the seven genes encoding putative lipid transporters, ro05645 (now called ltp1: lipid transporter protein) coding for an ATP-binding cassette protein was found clustered with others genes encoding enzymes catalysing the three putative acylation reactions of the Kennedy pathway for TAG synthesis. Overexpression of ltp1 in the RHA1 strain led to an increase of approximately sixfold and threefold in biomass and TAG production, respectively, when cells were cultivated on palmitic acid and oleic acid. Moreover, overexpression of ltp1 also promoted a significant increase in the uptake of a fluorescently labelled long-chain fatty acid (LCFA), as compared with the WT strain RHA1, and its further incorporation into the TAG fraction. Gluconate-grown cells showed increasing amounts of intracellular free fatty acids, but not of TAG, after overexpressing ltp1. Thus, for the first time to our knowledge, a transporter functionally related to TAG metabolism was identified in oleaginous rhodococci. Our results suggested that Ltp1 is an importer of LCFAs that plays a functional role in lipid homeostasis of R. jostii RHA1.
INTRODUCTION
In recent years, the genus Rhodococcus has been studied extensively due to its potential biotechnological applications. These metabolically versatile actinobacteria possess interesting physiological capabilities, such as their capacity for degrading a diversity of pollutants, their ability to adapt to diverse environments and their wide anabolic potential (Warhurst & Fewson, 1994; LeBlanc et al., 2008; Marqués et al., 2009) . In this context, one interesting feature of rhodococci is their ability to produce high amounts of lipids, such as triacylglycerols (TAGs) (Alvarez & Steinbüchel, 2002; Alvarez et al., 2013) . Some members of these actinobacteria can be considered oleaginous micro-organisms since they are able to accumulate significant amounts of TAGs after cultivation of cells under nitrogen-limiting conditions (Alvarez et al., 1996) .
The biosynthesis and accumulation of TAGs by rhodococci have gained increasing interest due to the potential applications of lipids in the biofuel industry. More recently, advances in the molecular biology and genetics of TAG metabolism have occurred as a result of the increased availability of genomic information and the development of new genetic tools for rhodococci (Holder et al., 2011; Chen et al., 2013; Villalba et al., 2013) . These studies have been focused principally on some enzymes of TAG biosynthesis, such as the wax esters/diacylglycerol acyltransferases (WS/DGAT) (Alvarez et al., 2008; Hernández et al., 2013) , NADPH-dependent glyceraldehyde 3-phosphate dehydrogenase (MacEachran & Sinskey, 2013) , and phosphatidic acid phosphatase (M. A. Hernández, A. Arabolaza, S. Comba, H. Gramajo & H. M. Alvarez, unpublished) . Moreover, some genes coding for TAG granule-associated proteins have been identified and characterized in Rhodococcus opacus and Rhodococcus jostii (MacEachran et al., 2010; Ding et al., 2012; Chen et al., 2013) . In addition to these enzymes and structural components of lipid inclusions, other relevant proteins involved in TAG metabolism, such as transporters and transcriptional regulators, remain to be identified. In this context, the involvement of lipid transporters in the maintenance of lipid homeostasis in eukaryotic cells has been established (Dean et al., 2001; Pohl et al., 2005; Nagao et al., 2010) .
In particular, MDR1 (1280 aa) is a well-characterized lipid transporter occurring in human cells which is responsible for multidrug resistance and is able to export a wide variety of substances, most of them hydrophobic or amphiphilic unrelated compounds (Borst et al., 2000; Dassa & Bouige, 2001; Dean et al., 2001; Nagao et al., 2010) . This efflux pump belongs to the ATP-binding cassette (ABC) superfamily of transporters and consists of two halves, each half including a hydrophobic transmembrane region or transmembrane domain with six putative a helices and a nucleotide-binding domain; these two halves cooperate to form a single full transporter. Through ATP hydrolysis, this protein has the ability to extrude several amphiphilic compounds from cells against a substrate concentration gradient (van Veen et al., 1996 (van Veen et al., , 2006 . Homologues to MDR1 are found almost exclusively in eukaryotes, although they have also been found and characterized in some prokaryotes, e.g. MsbA in Escherichia coli and Sav1866 in Staphylococcus aureus (Zhou et al., 1998; Borst et al., 2000; Davidson & Chen, 2004; Velamakanni et al., 2008) . These two transporters are homodimers made up of half-size transporters or monomers that consist of a transmembrane domain fused to a nucleotide-binding domain. In particular, the MsbA protein (582 aa) plays a major role in E. coli physiology as it functions as a protein that transports lipid A, glycerophospholipids and other non-specific hydrophobic compounds (Eckford & Sharom, 2008; Kaul & Pattan, 2011) . In fact, msbA has been proposed as an essential gene as some defects or mutations on this gene cause accumulation of lipid A and phospholipids in the inner membrane, which is lethal for E. coli (Zhou et al., 1998) . Interestingly, Doshi et al. (2013) proposed the overexpression of the MsbA protein transporter for excreting isoprenoids and other commercial compounds in E. coli for biotechnological purposes. Sav1866 of S. aureus is also considered as a lipid transporter homologous to MsbA and MDR1 proteins, which mediates active extrusion of multiple hydrophobic drugs (Velamakanni et al., 2008) . Recently, some transporters belonging to the ABC superfamily involved in the uptake and catabolism of several cholate metabolites, as well as phthalate and phthalate esters, have been reported for R. jostii RHA1 (Swain et al., 2012; Hara et al., 2010) . However, none of these proteins seems to be related to TAG metabolism. Despite the obvious importance of lipid transporter proteins in TAG metabolism and lipid homeostasis in oleaginous rhodococci, none has yet been characterized. For these reasons, we performed a broad survey of genes coding for putative lipid transporters in the R. jostii RHA1 genome, and identified and functionally characterized an ABC transporter involved in the provision of fatty acids to TAG metabolism. The identification of a new gene related to TAG metabolism in oleaginous rhodococci will contribute to a better understanding of these industrially relevant micro-organisms.
METHODS
Bacterial strains, plasmids, media and growth conditions. The strains and plasmids used in this work are listed in Table S1 (available in the online Supplementary Material). E. coli strains were grown on solid or liquid LB medium at 37 uC. R. jostii strain RHA1 and its recombinant were grown aerobically at 28 uC in Luria-Bertani (LB) medium (Sambrook et al., 1989) . To analyse growth, cells were grown in solidified mineral salts medium (MSM) according to Schlegel et al. (1961) with 1 g NH 4 Cl l 21 (MSM1; nitrogen rich), and with sodium gluconate 1 % (w/v), tripalmitin, olive oil, palmitic acid and oleic acid 0.5 % (v/v) as carbon sources, and plates were incubated for 7-10 days. To promote accumulation of lipids, the concentration of NH 4 Cl in MSM was reduced to 0.1 g l 21 (MSM0.1; nitrogen-limiting conditions). Sodium gluconate 1 % (w/v), tripalmitin 0.025 % (w/v), oleic acid and olive oil 0.3 % (v/v), and palmitic acid 0.1 % (w/v) were used as a sole carbon sources, respectively. Cells were harvested at specific time points, washed with a saline solution [NaCl 0.85 % (w/ v)] and dried for chemical analyses. If necessary, the antibiotics ampicillin and kanamycin were used at final concentrations of 100 and 50 mg ml
21
, respectively. Induction of the acetamidase (P ace ) promoter of pJAM2 and its derivatives was routinely achieved by addition of 0.5 % (w/v) acetamide to the respective cultures.
Analyses of sequences. MsbA (from E. coli K-12 substrain MG1655; GenBank accession number NP_415434.1) and Sav1866 (from S. aureus subsp. aureus Mu50; GenBank accession number NP_372390.1) protein sequences were downloaded from the National Center for Biotechnology Information (NCBI) website (http://www. ncbi.nlm.nih.gov/); these sequences were used as queries for further searches using the BLASTP program from the NCBI website in order to find homologous proteins in R. jostii RHA1. The search was run using the default parameters set by the program, considering as homologous proteins those with significant alignments (E value: 10 248 ). Additionally, in order to determine the occurrence of proteins homologous to RO05645 in other rhodococcal species, its sequence was used to perform a BLAST search of NCBI genomic databases; and in the case of Rhodococcus fascians F7, also from the RAST (Aziz et al., 2008) server. In addition, we analysed the genomic contexts for all homologous putative transporters found in Rhodococcus species from the NCBI website. Multiple alignments were performed using BioEdit Sequence Alignment Editor. We used the Philius Transmembrane Prediction Server (http://www.yeastrc.org/philius/) to establish a secondary structure prediction from protein sequences.
DNA analysis, amplification, cloning, sequencing and transfer by electroporation. Chromosomal DNA, plasmids and DNA fragments were isolated and analysed by standard methods (Marmur, 1961; Sambrook et al., 1989) . For DNA amplification of complete ORFs, PCR was performed using specific primers (Table  S2 ). The thermocycling parameters were: 5 min at 94 uC, 30 cycles of 1 min at 94 uC, 30 s at 65 uC, 2 min 20 s at 72 uC and finally 5 min at 72 uC. The PCR products were cloned into pGEM-T Easy vector and subjected to sequencing. Plasmid derivatives were introduced in Rhodococcus strains by electroporation. Assays were performed using a model 2510 electroporator (Eppendorf-Netheler-Hinz) and transformation was carried as described by Kalscheuer et al. (1999) . To obtain recombinant strains, 400 ml aliquots of competent cells were mixed with DNA, preincubated at 40 uC for 5 min followed by 10 min of incubation on ice and then electroporated.
Cloning and overexpression. Once selected by high identity with canonical lipid transporters, the ro05645 gene was amplified from total genomic DNA of R. jostii RHA1 by PCR using the primers FRHA1 and RRHA1 (Table S2) . Resulting PCR products were cloned in pGEM-T Easy vector (pGEM-T-easy/ro05645, Table S1 ) and verified by DNA sequencing. For overexpression, a BamHI/XbaI fragment of pGEM-T-easy/ro05645 was subcloned into a BamHI/XbaI site of the shuttle E. coli-Mycobacterium-Rhodococcus vector pJAM2, which contains an inducible acetamide promoter (P ace ), and the resulting derivative plasmid pJAM2/ro05645 was transferred into R. jostii RHA1 WT cells by electroporation as reported previously (Hernández et al., 2013) .
Generation of a single ro05645 disrupted mutant of R. jostii RHA1. To disrupt the ro05645 gene, we utilized a strategy reported previously by van der Geize et al. (2000) and Hernández et al. (2013) , using a derivative of the pGEM-T Easy vector as a suicide plasmid. For this, an internal fragment of 763 bp of the ro05645 gene was amplified by PCR using primers F3RHA1 and R3RHA1 (Table S2) , and cloned into the pGEM-T Easy vector to get the plasmid pGEM-Teasy/'ro05645'. Then, a kanamycin-resistant cassette obtained from the plasmid pUC4K was cloned into the BamHI restriction site of pGEM-T-easy/'ro05645' to get pGEM-T-easy/'ro05645'-VKm. The resulting suicide plasmid was transferred to R. jostii RHA1 by electroporation as reported by Hernández et al. (2013) .
BODIPY FL C 16 -labelled fatty acid uptake. Cells were grown aerobically for 24 h at 28 uC in LB medium, collected by centrifugation, washed three times in a saline solution [NaCl 0.85 % (w/v)] and resuspended in 20 ml MSM0.1. Both media were supplemented with kanamycin and acetamide at final concentrations of 50 mg ml 21 and 0.5 % (w/v), respectively. The fluorescent long-chain fatty acid (LCFA) analogue BODIPY FL C 16 (D-3821; Molecular Probes) was added from a 5 mM ethanolic stock solution to 20 ml MSM0.1 cultures to a final concentration of 5 mM and these cultures were incubated aerobically at 28 uC for 10 h. A culture sample of 5 ml was taken after 4 h of incubation, centrifuged, filtered through 0.22 mm polyethersulfone filters (Gamafil), and the supernatants were used to measure fluorescence intensity and OD 600 . Fluorescence measurements were performed using 10 mm610 mm cuvettes in a JASCO FP-6200 spectrofluorometer; samples were excited at 496 nm and the emission was recorded at 509 nm. OD 600 was also measured in 10 mm610 mm cuvettes in an SP-1103 spectrophotometer. All spectral measurements were done in triplicate. Finally, a second sample was taken after 10 h of incubation in order to analyse the TAG content of cells by semiquantitative TLC.
Lipid analysis. The qualitative and semiquantitative analyses of intracellular lipids in Rhodococcus strains were performed by TLC. For intracellular analysis, 4-5 mg lyophilized cells were extracted with chloroform/methanol (2 : 1, v/v) for 120 min at 4 uC. Between 15 and 30 ml extracts (depending on culture conditions) were separated by TLC, which was performed on silica gel 60F254 plates (Merck) using hexane/diethyl ether/acetic acid (80 : 20 : 1, v/v/v) as mobile phase (Wältermann et al., 2000) . Tripalmitin (Fluka) and oleic acid (Fluka) were used as lipid reference substances. Lipid fractions were visualized after brief exposure to iodine vapour or UV light.
To determine the fatty acid content of the cell and the composition of lipids, 5-10 mg dried whole cells was subjected to methanolysis in the presence of 15 % (v/v) sulfuric acid as described by Brandl et al. (1988) , and the resulting acyl-methylesters were analysed by GC using an HP 5890A gas chromatograph equipped with a Factor Four capillary columnVF-23ms (30; 0.25; 0.25) and a flame ionization detector. The injection volume was 0.2 ml and helium (13 mm min 21 ) was used as carrier gas. A temperature programme was used for efficient separation of the methyl esters (80 uC 1 min, an initial ramp of 10 uC min 21 up to 160 uC, then an increase of 3 uC min 21 up to 200 uC and a final ramp of 30 uC min 21 up to 240 uC maintained for 5 min to allow column cleaning). For quantitative analysis, tridecanoic acid was used as an internal standard.
Antibiotic sensitivity assay. To establish antibiotic sensitivity/ resistance for the WT and recombinant strains, we used the disc diffusion method reported by Jorgensen & Ferraro (2009) . Briefly, cell suspensions of OD 600 0.2 were spread onto the surface of LB agar plates (150 mm diameter). Commercially available multidiscs (Britania) embedded with different antibiotics were placed on the inoculated agar surface. Plates were incubated for 48-72 h at 28 uC and the zones of growth inhibition formed around each disc were analysed. The following antibiotics were included: norfloxacin (10 mg), gentamicin (10 mg), cefalotin (30 mg), nitrofurantoin (300 mg), ampicillin/sulbactam (10/10 mg) and trimethoprim/sulfamethoxazole (1.25/ 23.75 mg).
RESULTS

Bioinformatic analyses of genes coding for putative lipid transport proteins
We used E. coli MsbA and S. aureus Sav1866 protein sequences to screen the R. jostii RHA1 genome for proteins involved in lipid transport. BLASTP analyses identified several putative ABC transporters with relatively high identities to Sav1866 in the RHA1 genome (Table 1) . Two of the identified proteins (RO04958 and RO06013) presented an amino acid length similar to MDR1 (1280 aa), whereas the rest of the proteins exhibited an amino acid length between 577 and 681 aa, similar to Sav1866 (578 aa).
All putative transporters of short amino acid length found in RHA1 exhibited highly conserved motifs reported for ABC transporters (Fig. S1 ). Three conserved motifs are usually found in ABC transporters: (1) the Walker A motif consisting of GXXGXGKS/T, where X represents any amino acid, (2) the Walker B motif containing WWWWD, where W is any hydrophobic residue, and (3) the C loop (LSGGQ), called the signature motif or linker peptide, which is unique to ABC transporter proteins (Schneider & Hunke, 1998) . As all these putative transporters found in the RHA1 genome possessed these three conserved motifs and similar amino acid lengths, they may be considered as putative half-sized ABC transporters, similar to Sav1866 and MsbA (Fig. S1 ).
In addition to BLASTP analyses, we investigated the genomic organization for all half-sized transporters found in R. jostii RHA1. Interestingly, the ro05645 gene was localized in a cluster containing genes encoding putative proteins involved in TAG and phospholipid metabolism (Fig. 1) , whereas the rest of the analysed genes were organized randomly in the RHA1 genome (data not shown). For this reason, we decided to investigate protein RO05645 in more detail, analysing its probable folding organization into the plasma membrane in comparison with Sav1866 and MsbA (Fig. S2) . The secondary structure predictions of the three proteins showed almost identical profiles with no identified signal peptide, and six transmembrane helices and six cytoplasmic portions located in similar amino acids positions.
In addition, we searched the genome of other rhodococcal species for the occurrence of orthologues of ro05645. Interestingly, these genes were found uniquely in those species considered as oleaginous rhodococci, such as R. opacus and Rhodococcus wratislaviensis; whereas in Rhodococcus erythropolis, Rhodococcus equi and R. fascians, which usually accumulate lower amounts of TAG from gluconate or glucose, these genes were absent (Table S3) . Orthologues of R. opacus and R. wratislaviensis were also localized in the same lipid cluster as in R. jostii RHA1.
Role of ltp1 in biomass production and TAG accumulation
In order to analyse the in vivo role of ro05645 (here called ltp1: lipid transporter protein) in cell growth and TAG accumulation by R. jostii RHA1, we performed knockout mutagenesis and overexpression analyses. To delete ltp1, we used a single recombination strategy, which was applied successfully in previous mutagenesis analyses in R. opacus PD630 (Hernández et al., 2013) . After nine consecutive electroporation attempts using the suicide plasmid pGEM-Teasy/'ro05645'-VKm, we failed repeatedly to disrupt ltp1 and no mutant strains were obtained. However, overexpression of ltp1 in R. jostii RHA1 was achieved after cloning the gene in the pJAM2 vector under an acetamide-inducible promoter. The recombinant and the WT strain containing the empty vector were analysed for their growth in nitrogen-rich medium (MSM1); while biomass and TAG production were investigated during cultivation in nitrogen-poor mineral medium (MSM0.1). Different substrates, such as gluconate, olive oil, tripalmitin, oleic acid and palmitic acid, were used as sole carbon sources during growth experiments.
The overexpression of ltp1 promoted an increase of cell growth after cultivation on all lipophilic substrates used in this study, but not on gluconate, as sole carbon sources (Fig. 2) . In addition, TLC analyses of the overexpressing strain revealed an increase in TAG production after the induction of ltp1 in strain RHA1 when cells were cultivated in MSM0.1 with olive oil, tripalmitin, oleic acid and palmitic acid as sole carbon sources (Fig. 3) . In contrast, after growth on gluconate as the sole carbon source, ltp1-overexpressing cells accumulated increased amounts of free fatty acids (FFAs) with a slight decrease of TAG content, in comparison with the WT strain (Fig. 3) . Quantification of lipids showed an increase in total fatty acids (which is a good estimation of TAG content) of more than threefold compared with the WT, and also promoted an increase of cellular biomass production of approximately five and sixfold during cultivation of cells on palmitic and oleic acid as sole carbon sources (Table 2 ). In contrast, after cultivation of ltp1-overexpressing cells on gluconate as the sole carbon source, no increase of TAG and biomass production was detected under the conditions used in this study ( Table 2 ).
Analysis of fatty acid composition revealed no differences between the WT and ltp1-overexpressing cells, with the exception of palmitic acid-grown cells of the recombinant strain which showed a slight increase in the relative proportion of palmitic acid (C 16 : 0 ) in their lipids (data not shown).
In order to determine the role of Ltp1 protein on the eventual transport of alternative compounds, such as antimicrobial substances with different chemical structures, we analysed the changes in resistance/sensitivity of recombinant and WT cells to different bioactive compounds, such as norfloxacin, gentamicin, cefalotin, nitrofurantoin, ampicillin/sulbactam and trimethoprim/sulfamethoxazole. We detected no differential responses of cells overexpressing ltp1 to all tested compounds in comparison with the WT (data not shown).
Effect of the overexpression of ltp1 on fluorescently labelled fatty acid uptake
With the aim to establish the physiological role of the protein in LCFA uptake by R. jostii RHA1 pJAM2/ltp1, we
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analysed the incorporation of a fluorescently labelled LCFA analogue (BODIPY FL C 16 ), using a spectrofluorometric method and TLC analysis. After incubating the cultures for 4 h under nitrogen-limiting conditions (MSM0.1), the ltp1-overexpressing strain showed eightfold reduced fluorescence intensity (OD 600 ) in supernatant cultures compared with the WT strain (Fig. 4a) , suggesting increased uptake of labelled fatty acid in cells containing higher numbers of transporter proteins in their membranes. Furthermore, intracellular lipids were analysed by TLC, and revealed through UV light and iodine vapour after 10 h of cell incubation (Fig. 4b) . Interestingly, ltp1-overexpressing cells were able to incorporate higher amounts of labelled fatty acid than WT cells (Fig. 4a) .
On the other hand, the amounts of FFAs and TAGs were increased in the recombinant strain, whereas an increase of phospholipid and DAG fractions was not observed (Fig. 4b) .
DISCUSSION
Despite the importance of lipid transporters in cellular lipid metabolism, the role of such proteins in TAG metabolism of oleaginous rhodococci has not yet been investigated thoroughly. In the present study, we identified a gene coding for a lipid transporter (here called ltp1) in R. jostii RHA1. Overexpression of ltp1 in strain RHA1 promoted a significant increase in growth and biomass production when cells were cultivated on lipophilic substrates, such as palmitic acid, oleic acid, tripalmitin and olive oil, but not on gluconate. These results suggested Table 2 . Biomass and TAG production in R. jostii RHA1 pJAM2 and R. jostii RHA1 pJAM2/ltp1 that this transporter protein may function as an 'importer' of hydrophobic compounds in strain RHA1. In contrast to MDR1 and MsbA transporters, which may act as drug importers or exporters, Ltp1 seemed to be more specific for lipid-related compounds. Ltp1 transporter may contribute to the uptake of FFAs or of those fatty acids released by extracellular lipolysis from tripalmitin and olive oil by RHA1 cells. In correlation with this hypothesis, R. jostii RHA1 possesses at least 24 genes coding for putative extracellular lipases, according to a previous study .
In order to confirm the role of Ltp1 as a fatty acid importer in strain RHA1, we investigated the effect of ltp1 overexpression on the uptake of a fluorescently labelled LCFA analogue. The overexpression of the transporter promoted a significant increase of the labelled fatty acid uptake and especially its incorporation in the TAG fraction, confirming its role as a fatty acid translocator. Several fatty acid transporter proteins have been characterized so far in both prokaryotes and eukaryotes. In this context, the protein FadL, which mediates LCFA uptake through an active transport in E. coli, has been well characterized (Maloy et al., 1981) . This transport system seems to be present in other Gram-negative bacteria and probably in some Gram-positive micro-organisms, such as Mycobacterium tuberculosis (Black & DiRusso, 2003) . In eukaryotic cells, Pat1p and Pat2p proteins are peroxisomal transmembrane proteins belonging to the ABC transporter superfamily involved in the uptake of LCFA for entry into the b-oxidation pathway at peroxisomes in Saccharomyces cerevisiae (Hettema et al., 1996) . ABC transporters have been proposed to serve also as regulators of lipid metabolism in cells that can potentially affect the distribution of lipids directly or indirectly through the regulation of other proteins (Pohl et al., 2005) . In addition, some eukaryotic ABC transporters are involved in intracellular lipid homeostasis not only as they allow a precise balance between synthesis and uptake/ efflux of metabolites, but also because certain defects of transporters cause important diseases due to disorders of lipid metabolism (Dean et al., 2001) . For these reasons, we analysed the potential relationship of Ltp1 with TAG metabolism in strain RHA1. In this context, we found that the overexpression of ltp1 in strain RHA1 led to a significant increase (up to threefold) in the TAG content in comparison with the WT strain when cells were grown on lipophilic carbon sources under nitrogen-limiting conditions. Similarly, Kim et al. (2013) reported that an ABC transporter mediating transport of fatty acids from plastids to the endoplasmic reticulum in cells of Arabidopsis thaliana allowed enhanced TAG production in oleaginous seeds. In contrast to cells cultivated on lipophilic carbon sources, ltp1-overexpressing cells grown on gluconate produced decreased amounts of TAGs, but increased amounts of FFAs, compared with the WT (Fig. 3) . These results suggested that Ltp1 may transport exogenous and also endogenous LCFAs, probably originating from lipid membrane turnover or remodelling and fatty acid recycling, affecting the distribution of the fatty acids into different metabolic pathways and lipid species. This fatty acid transporter might modulate, likely in concert with other proteins, the distribution of lipids between metabolic pathways, and may play a role in the exposure of fatty acids to acceptors involved in fatty acid and TAG metabolism in strain RHA1. The increase of TAG accumulation during growth of RHA1-pJAM2/ltp1 cells on lipophilic carbon sources, the increase of the relative proportion of C 16 : 0 fatty acid in the TAG fraction produced by RHA1-pJAM2/ltp1 during cultivation on palmitic acid as a carbon source and the increased production of TAGs by RHA1-pJAM2/ltp1 seen using the fluorescently labelled fatty acid for cultivation suggested that Ltp1 may provide fatty acids to the three different acyltransferases involved in the Kennedy pathway for the biosynthesis of TAGs in strain RHA1 (Fig. 5) . This process may occur close to the inner face of membrane, where the wax esters/DAG acyltransferases are located (Wältermann & Steinbüchel, 2005) . The increasing number of transporter proteins attached to membranes in strain RHA1 overexpressing ltp1 is likely to lead to deregulated fatty acid fluxes and disruption of lipid homeostasis (to some extent) during the growth of cells on gluconate as the sole carbon source under lipid accumulation conditions, as suggested by the increase of FFAs and the slight decrease of TAG content in recombinant cells. Several attempts to delete ltp1 were made in this study, but we failed to generate the corresponding mutant. This result could suggest that the deletion of ltp1 may be critical for survival of RHA1 cells, at least under the conditions used in this study. Rhodococci differ radically from other bacteria in the high content and large variety of lipids found in their different cellular structures (e.g. cell envelope, inclusion bodies, etc.). In this context, a large portion of the R. jostii RHA1 genome codes for enzymes involved in lipid metabolism (McLeod et al., 2006) . Fatty acids are probably key intermediates in rhodococci for the biosynthesis of many of the lipid species which perform important functions in their interaction with the environment (Fig. 5) . In this context, the Ltp1 transporter may contribute to fatty acid recycling, management of membrane and envelope lipids, and maintenance of internal fatty acids pools for the production of a large variety of lipids of different complexity and function. For these reasons, the deletion of ltp1 may disturb the dynamics of the lipid machinery affecting cell survival under certain circumstances.
In summary, in this study we report, for first time to our knowledge, a half-sized ABC transporter in the oleaginous R. jostii RHA1, which mediates exogenous and probably also endogenous LCFA import, and provides fatty acids for acyltransferase enzymes involved in TAG biosynthesis and probably other lipid pathways. This transport protein, which is only present in oleaginous rhodococci, may help to modulate the fatty acid distribution between lipid metabolic pathways affecting the lipid homeostasis of cells.
Insights into the function of membrane-embedded transporter proteins are also relevant for biotechnological purposes (Doshi et al., 2013) . The engineering of microorganisms to produce commercial oils or biofuels is an interesting avenue (Alvarez & Steinbüchel, 2010; Holder et al., 2011) . This study showed the potential of expressing the identified transporter protein in strain RHA1 or in other oleaginous rhodococci to achieve efficiently the import of fatty acid-rich industrial wastes. . Integrated overview of Ltp1 and the putative proteins involved in TAG metabolism, and organization of the genes coding for these proteins. FA, fatty acid; G3P, sn-glycerol 3-phosphate; AG3P, acylglycerol 3-phosphate; DAG3P, DAG 3-phosphate; pap, phosphatidic acid phosphatase gene.
